Red deer representing the four different European subspecies Cervus elaphus ailanticus, C. e. elcaphus, C. e. germanicus, and C. e. scoticus were examined for allozyme variability at 35 enzyme loci. The proportion of polymorphic loci within populations (F) ranged from 0 to 138 per cent and the average heterozygosity (H) from 0 to 3•6 per cent. These estimates are within the range previously observed among mammalian species. Significant allele frequency differences were found both within and between subspecies. The mean genetic distance between subspecies (D = 00164) was smaller than the differentiation at similar taxonomic levels among other ungulates, probably because of a shorter time since divergence. Within subspecies the genetic differences between populations were similar to those reported between populations within closely related species in the same geographic region. Cluster analysis based on genetic distances indicated a major genetic dichotomy between the British C. e. scoticus and the Norwegian C. a. atlanticus on one hand and the Swedish C. e. elaphus and the continental C. e. germanicus on the other.
INTRODUCTION
The remarkable morphologic diversity and complex genetic relationships within the genus Cervus (Cervidae), comprising about 15 species and numerous subspecific forms, have since long been recognised by systematicists. Repeated taxonomic revisions have been presented for the genus (e.g., Lönnberg, 1906; Ahlén, 1965; Ellerman and Morrison-Scott, 1966; Lowe and Gardiner, 1974; Corbet, 1978) . Several red deer subspecies native to northern Europe have previously been recognised, e.g., the Swedish nominate Cervus elaphus elaphus, the Norwegian C. e. atlanticus, the British C. e. scoticus, and the continental C. e. hippelaphus and C. e. germanicus. However, by analysis of cranium morphology Lowe and Gardiner (1974) could not find evidence for the existence of more than a single subspecies in northern Europe. The taxonomic treatments may diverge largely because they rely on different sets of morphological characters, sample sizes and statistical methods of analysis. Ideally the taxonomic description should reflect the evolutionary events giving rise to the present differentiation. Taxonomy based on quantitative characters suffers from several serious 561 drawbacks relating both to the inability to distinguish between genetic and environmental components of variation and from difficulties in choosing an appropriate set of characters. The extent to which a taxonomic description based on quantitative morphologic characters reflects the genetic relationships between groups is not known. As stated by Corbet (1978) "... it must be emphasised that the great majority of mammalian subspecies are based upon differences in a single character and that a subspecific difference, even if it stands up to the most rigorous criteria now applied, should never be taken to represent any particular level of genetic difference in the absence of genetic data relating to the particular characters involved." When there are different opinions as to the proper taxonomic status of a group, a study of the degree of genetic differentiation and interrelationships with other groups may be a necessary prerequisite for a proper taxonomic treatment.
More than any other Cervus species the red deer has been intensively managed throughout its native range in northern Europe. Through selective culling, transfers and hybridisation, human intervention has drastically affected the natural genetic structure of the red deer. Man's interest has focused mainly on characters such as body size and antler shape and little is known of the extent to which the entire genetic profile of the managed populations has changed. Using discriminant function analysis of morphologic characters Lowe and Gardiner (1974) revealed two groups of deer in Great Britain, apparently corresponding to native and park derived populations. The need to preserve the genetic diversity within species has been emphasised by, e.g., Soulé and Wilcox (1980) and Frankel and Soulé (1981) . To conserve adequately the genetic resources represented by native populations of red deer a genetic analysis of present populations is urgently needed.
In this study we present a quantitative analysis of the amount and distribution of genetic variability among four European subspecies of red deer, based on an electrophoretic survey of allozyme variability at 35 loci. First, the amount of genetic differentiation within and between the C'. e. atlanticus, C. e. elaphus, C. e. germanicus, and C e. scoticus subspecies is quantified and their genetic interrelationships are studied. In Sweden considerable interest has been devoted to the preservation of the genetic characteristics of the nominate subspecies C. e. elaphus, and in 1969 part of its range in southern Sweden was declared a wildlife reserve. Lately, deer populations outside the reserve have been rapidly increasing. These populations are to a large extent derived from deer park herds of unknown or possibly subspecific hybrid origin. The presently applied management program is clearly unable to prevent efficiently gene flow from surrounding populations into the reserve area. This raises the question whether such a gene flow would substantially change the genetic constitution of the nominate populations. The second purpose of the paper is to compare the amount of genetic differentiation between pure Swedish nominate populations and possible hybrid populations.
MATERIALS AND METHODS
Red deer tissue samples representing C. e. atlanticus, C. e. elaphus, C. e. germanicus, C. .e. scoticus, and Swedish deer of possibly subspecific hybrid origin were collected from 22 localities. In total, 594 specimens were obtained. Information on the sampling localities, map codes, and subspecific designation of samples are given in table 1, and the geographic location of sampling sites in fig. 1 . Locality (F), called Skne unspecified, is not shown on the map as it refers to specimens from various places within the A, B ,   TABLE 1 Description of collection sites, map codes (A-X), and known or inferred subspecific composition at each locality (c.f fig. 1 tions frequently represent descendants from a small number of founder individuals. For instance, the deer from Hunneberg (C) are all descendants from three animals transferred from the Red Deer Reserve (A), and the population at Ankarsrum (H) is also derived from three specimen only (Ekman, 1979) . Samples of serum, kidney, and striated muscle were collected during [1976] [1977] [1978] [1979] [1980] , mainly by local hunters, and stored at -60°C until the electrophoretic analysis was conducted. The tissue samples were prepared and subjected to starch gel electrophoretic analysis as described by Allendorf et a!., (1977) and agarose gel electrophoresis as described by Gyllensten (1980) and Gyllensten et aL, (1980) . Four different electrophoretic buffers were used:
1. Described by Clayton and Tretiak (1972) The recipes for general protein and specific enzyme stains have been adapted from Allendorf et a!., (1977), Manlove et aL, (1975) , Harris and Hopkinson (1976) , and Gyllensten et a!., (1980) . The following 24 proteins were examined (enzyme abbreviation, buffer system (1-4), type of tissue (M = muscle, K = kidney, S = blood serum) and enzyme commission (EC) nomenclature in parenthesis): Acid phosphatase (AP, 3, M, EC 3. (Tf, 4, S) .
The different enzymes were routinely assayed by specific staining procedures, while transferrin was routinely visualised by staining with
Coomassie (Gyllensten et a!., 1980) . The genetic interpretation of electrophoretic patterns of a protein followed the principles outlined by Allendorf et a!., (1977) with special reference to brown trout (Salmo trutta). The interpretation was based on the tissue distribution and inferred enzyme structure (Darnall and Klotz, 1975) , the frequencies of different phenotypes, and comparison with the patterns observed in closely related species, e.g., the moose (A Ices alces, Ryman etaL, 1980a) . The nomenclature used to designate protein loci and alleles follows the system originally proposed by Allendorf and Utter (1979) . An abbreviation is chosen for each protein (see above); when in italics this abbreviation [facingp. 566
to code for this enzyme in man (Harris and Hopkinson, 1976) . We observed variability at SOD-i; the phenotypes were consistent with those for a dimeric enzyme encoded by a single locus segregating for two alleles. Blood serum permitting the scoring of Tf was obtained from all but the Scottish and West German localities. The identification and genetic interpretation of red deer transferrin variability patterns have been described by Gyllensten et aL, (1980) . Three alleles were found in Swedish populations but only one in Norwegian populations.
For the enzymes AP, CK, GAPDH, GDH, GPD, GPT, GUS, MPI, PEP, PGDH, PK, and SDH only a single locus each could be postulated, none of which showed variation. Several of these enzymes, e.g.,AP, GPD, PEP, and PK have been reported to be encoded by two loci in man (Harris and Hopkinson, 1976) . The inability to detect multiple forms under the present electrophoretic conditions may result from the difficulties in obtaining sufficiently fresh tissue samples. The enzymes ADA, AK, EST, HK, and LDH were all present in multiple forms.
The genetic interpretation of zymograms was supported by a lack of significant differences in phenotype appearance or frequency for sex or age (calf-adult) categories at any locus. Chi-square tests for deviation of observed phenotype distributions from expected binomial proportions were significant in four out of 66 cases (6 per cent).
(ii) Amount and distribution of genetic variability
There are two circumstances that make a clear and straightforward result presentation difficult. First, some of the Swedish samples are from populations of possibly hybrid origin. Our conclusion (see below) is that all but one (location I) of those samples represent populations with only little, if any, admixture of genes very different from the C. e. elaphus subspecies. It should be stressed that our intention is not to revise the taxonomy of Cervus elaphus but rather (i) to estimate the amount and distribution of electrophoretically detectable genetic variation among recognised taxonomic units in northern Europe, and (ii) to assess the amount of genetic divergence among populations in Sweden as a basis for management decisions with respect to conservation of red deer genetic resources. To accomplish the first objective we have exclusively focused on samples which can be unambiguously classified as belonging to either of the presumably "pure" subspecies. The second problem is that some of the sample sizes are so small that their inclusion in quantitative analyses may introduce a large random bias. This obstacle is particularly obvious for the only sample assumed to represent the C. e. germaflicus subspecies (location X; nine specimens). To reduce this problem we have for the majority of presentations somewhat arbitrarily focused on populations represented by samples sized larger than ten. However, in order to provide a presentation as complete as possible, we have in some cases also given the results based on calculations performed on the total set of data.
The frequency of the most common allele (100) at variable loci is shown in table 2 together with sample sizes and estimates of average heterozygosity (H). With the exception of the MDH-2(125) allele, no localised subspecies unique alleles were found. Most alleles were present in several subspecies. (14) 1-3 M 1-0 (7) 0.500 (7) 1-0 (7) 1-0 (7) 1-0 (7) 1-0 (7) 1-0 (7) 0.500 ( The average heterozygosity (H) as well as the proportion of polymorphic loci (F) was lowest in the atlanticus subspecies (H =_0 per cent and P =0 per cent) and highest in the scoticus subspecies (H = 3M per cent and P = 138 per cent). In fact, the average heterozygosity of C. e. scoticus was significantly higher than that of other subspecies (Mann-Whitney U-test; P <0.005).
Tests for allele frequency homogeneity were performed hierarchically by a log-likelihood ratio (G) test (Sokal and Rohlf, 1969) . Comparisons were made between localities within subspecies, between the elaphus populations (localities A-G) and those of possibly mixed origin (localities H-M) within Sweden, and finally among the four subspecies (table 3) . Highly significant allele frequency differences were found between localities within elaphus, within scoticus, as well as within the group of Swedish localities with populations of possibly mixed origin (table 3) . No differences were found between the two samples of atlanticus. Three out of four polymorphic loci showed heterogeneity in elaphus, four out of six in scoticus, and all five in the possibly mixed group. Thus, there was no consistent tendency for any particular locus to contribute more than the others to the total G statistic.
Significant allele frequency heterogeneities were found between the two groups of deer within Sweden (elaphus vs possibly mixed origin) at four of the five polymorphic loci (table 3) . Finally, heterogeneity between subspecies was found at all of the polymorphic loci scored in all subspecies. A large part of the overall heterogeneity was caused by the differentiation at IDH-2. However, the significance of the total G statistic persisted also when this locus was excluded from the analysis. Nei's (1972) genetic distance between localities was calculated from the allele frequencies at 34 loci (Tf excluded). The average genetic distance (D) between subspecies (D=0.0164 and D=0O182 with and without germanicus, respectively) was considerably higher than that observed between populations within subspecies (table 4). The largest differentiation between locations was found within C. e. scoticus (D = 0.0027) followed by C. e. elaphus (D =00014). Due to identical fixation at all loci in the two samples examined no differentiation was detected in C. e. atlanticus.
The amount of genetic variation attributable to different sources of variation was estimated by a hierarchical gene diversity analysis (Nei, 1975; Chakraborty et aL, 1982) . The total gene diversity was partitioned (similarly to the G analysis) into the following components (table 5) Cluster analysis based on genetic distances was performed using the unweighted pair group algorithm with arithmetic means (UPGMA; Sneath and Sokal, 1973) . The genetic relationships (Tf excluded) between samples representing the "pure" atlanticus, elaphus, and scoticus subspecies is shown in fig. 3 (excluding populations represented by less than ten specimens). (Nei, 1975) i.e., relocation of single samples or changes in branch length. Thus, the pattern of genetic differentiation observed among subspecies is strongly influenced by the variability pattern at a single and highly diagnostic locus (IDH-2). The general dendrogram topology remained the same when the Swedish populations with deer of possibly hybrid origin were included (fig. 4) . The small sample from germanicus appears to be more similar to elaphus than to any other subspecies.
To assess the effect of the Tf locus (not scored in all samples) on the pattern of subspecies differentiation the allele frequencies were pooled over localities for each of the polymorphic loci within each subspecies. Tf allele frequency estimates for the germanicus were from Bergmann (1976) and estimates for scoticus from McDougall and Lowe (1968) . The Bergmann (1976) samples were compared with Swedish ones on the same gel, while the similarity between the common allele in scoticus and the 100 in elaphus and germanicus was inferred from the zymogram photographs by McDougall and Lowe (1968) . The inclusion of the Tf locus did not alter the clustering of subspecies in the dendrogram. C. e. germanicus appeared more closely related to elaphus than to any of the other subspecies.
(iv) Hybrid populations The P and H estimates for the Swedish samples of possibly hybrid origin were not higher than those for the elaphus subspecies (tables 2 and 4) as populations within each of the two groups of deer ("pure" elaphus versus deer of possibly mixed origin) was approximately twice (11.4 per cent) the diversity attributable to differences between the two groups (55 per cent). Except for a single location (H) all the Swedish samples were found in the same main cluster in the dendrogram (fig. 4) . The Swedish deer from Ankarsrum (H) cluster with scoticus. The deer from the H locality are derived from three specimens only, and the apparent similarity to scoticus may thus reflect a founder effect rather than a true subspecific relationship. At large, the data do not indicate the existence of genetic differences within Sweden of the magnitude observed between populations unambiguously classified as belonging to different subspecies. The only exception is represented by the deer park herd at Eriksberg (I) where an allele (GPI-1(160)) not found elsewhere in Sweden but present at several Scottish localities was identified. Recent information indicates that imports of red deer from Great Britain to this inclosure has actually taken place, and the herd at this location appears to be of hybrid origin. The amount of electrophoretically detectable genetic variability in red deer is of the same magnitude as found among other species of ungulates (table 4) and among vertebrates in general (Nevo, 1978) . The suggestion (Selander and Kaufmann, 1973 ) that large mobile animals should be charactensed by very low levels of genetic variability is not supported by our results. As pointed out by Ryman et a!. (1980a) large numbers of loci, populations, and individuals may be needed to permit an adequate description of the level of variability among ungulate species.
The average genetic distance (D; table 4) between subspecies is considerably smaller than that observed between subspecies within closely related species, e.g., European and Canadian moose (Alces alces alces versus A. a. americana with D = 00602; Reuterwall, 1980) or between European reindeer and caribou (Rangifer tarandus tarandus versus R. t. caribou with D=0l74; Baccus et al., 1983) . In contrast, the amount of differentiation between local populations within subspecies of red deer is of the same magnitude as that estimated for local populations of moose in Scandinavia (table 4) .
Although the absolute amount of genetic divergence (D) between subspecies and populations within the red deer is of the same magnitude or smaller than that observed within closely related species, a remarkably small fraction of the total gene diversity (73 per cent) is found within populations.
The major part of the between populations component (27 per cent) is attributable to variation between subspecies (22 per cent) whereas only 5 per cent is found between local populations within subspecies. The relative amount of variation between subspecies is larger than found between major races of man (approximately 5 per cent for electrophoretic loci; Ryman et a!., 1983). In contrast, the relative amount of gene diversity found between local populations within subspecies of red deer is similar to the one derived for human populations within major races (approximately 4 per cent for electrophoretic loci; Ryman et a!., 1983) or local moose populations in Scandinavia (10 per cent, ; it falls in between the very high mean for freshwater fishes and the low means observed for marine fishes (Gyllensten and Ryman, in preparation) and birds (Gyllensten, in preparation) . This pattern for distribution of genetic variability is somewhat unexpected considering the social structure of the red deer (e.g., Smith, 1979) . From the red deer harem breeding system we would expect a larger fraction of the total gene diversity in this species to be distributed between local populations (within subspecies) than in the moose which has a much less closed social structure. It should be stressed that the minor fraction of the total gene diversity found between local populations within subspecies of red deer does not change considerably if the atlanticus populations are excluded from the analysis. For instance, the relative diversity between local populations is 5 per cent and 7 per cent for the "pure" elaphus and scoticus populations, respectively. Our results may indicate that the genetically effective breeding structure in red deer permits more gene flow among breeding units than might be expected from the apparent breeding pattern.
(ii) Divergence between subspecies The analysis of cranium morphology by Lowe and Gardiner (1974) revealed a very high degree of morphologic similarity among subspecies of red deer; only the atlanticus subspecies had an overlap less than 10 per cent with other subspecies. The amount of genetic differentiation between European subspecific forms appears to be smaller than that found at comparable taxonomic levels for other ungulate species (table 5) . Both the comparison with moose and reindeer include subspecies from North America which have accumulated differences for a considerably longer period of time. The genetic distance between the European red deer and the wapiti (D=0290; Baccus et a!., 1983) , which is regarded as a Cervus elaphus subspecies by some taxonomists (Corbet 1978) , is similar to the amount of differentiation between subspecies of moose and reindeer. This indicates that the low differentiation in European red deer is not caused by a generally slower protein divergence in Cervus, but rather by a shorter time since divergence (Avise et a!., 1980) . In comparison with the absolute amount of differentiation between subspecific units of other organisms, the European red deer appears to be at the lower range of values reported (Nei, 1975; Corbin, 1977) . The problem in assigning subspecific names to segments of the European red deer population may thus be real; the low morphological divergence is actually reflecting a comparatively low level of absolute genetic divergence. The general variability pattern with a rather small amount of absolute divergence (D) between subspecies coupled with a high fraction of the total gene diversity distributed between subspecies may indicate that founder effects and genetic drift have strongly influenced the recent evolution of the north European red deer.
The cluster analyses indicate a major genetic dichotomy between the scoticus and atlanticus subspecies on one hand and the elaphus and geTmanicus subspecies on the other. A common ancestor for the scoticus and atlanticus subspecies has earlier been suggested on the basis of their morphological similarity (Cameron, 1923) . Lowe and Gardiner (1974) did not find support for this hypothesis. Instead they postulated a continental ancestor common to both Scandinavian and British deer. To depict the morphological relationships between subspecies the Euclidean distance matrices given by Lowe and Gardiner (1974) were used to construct dendrograms by the UPGMA algorithm ( fig. 5 ). Both in the dendrograms from Euclidean distances based on principal component analysis and that based on canonical variate analysis the scoticus and atlanticus subspecies cluster in the same main branch, well separated from the elaphus and some samples of the hippelaphus subspecies. Thus, both the dendrograms constructed from genetic and from morphologic data indicate a generally higher similarity between atlanticus and scoticus than to elaphus and to some continental hippelaphus populations. If subspecies are to be recognised in Europe this major branching observed congruently in genetic and thorphologic characters should be reflected.
From the conversion suggested by Nei (1975) the genetic distance between the two main branches in the dendrogram would correspond to an approximate divergence time of 60,000 years. However, the time available for postglacial subspeciation (4000-8000 years; Ahlén, 1965) is much shorter. Although the estimate of time since divergence based on protein a data has a large standard error and relies on a number of assumptions, it indicates that the differentiation between the two groups was initiated prior to the end of last glaciation rather than afterwards. A common origin for atlanticus and scoticus was previously explained by the assumed migration of deer from the British Isles to Norway. Those deer were supposed to have survived on glacial refuges on the Norwegian west coast. The theory of glacial refuges is under debate and the means by which migration may have occurred are not fully understood. The current similarity between atlanticus and scoticus may be explained by two alternative hypotheses. First, it may result from two subsequent invasions of red deer in northern Europe, the first one followed by an eradication of red deer from some continental areas, but with remnant populations in Norway and the British Isles. Second, we may infer selective pressures affecting the allozyme frequencies and quantitative cranial characters simultaneously. However, in the light of the large amount of data collected in other species indicating that the majority of isozyme loci behave as selectively neutral ones, we consider this explanation a less likely one (Avise, 1974; Chakraborty et al., 1980 ; and references therein).
(iii) Management implications The red deer has been subjected to intensive management. Indeed, in some areas enclosed stocks may be regarded as almost semi-domesticated; their deaths, births, and migration are almost totally controlled through selective culling by man. As with many domesticated and wild species there is a strong need to assess the genetic implications of various management activities (Frankel and Soulé, 1981) .
The gene diversity between the two groups of deer in Sweden is only half the amount found between populations within each group. The genetic distance between the groups is similar to the differences among scoticus populations or local populations of other ungulate species. In our opinion, these results do not justify general management efforts aimed at preventing gene flow between Swedish populations of pure nominate and presumed hybrid origin. It should be noted that a large part of the divergence among the populations of hybrid origin, as well as between this group and the pure elaphus populations, is due to the Eriksberg sample. The presence of the GPI-1(160) allele among the enclosed deer from Eriksberg (I) indicates that foreign deer have been successfully introduced into that herd. This population should thus be isolated from surrounding nominate deer.
If the genetic resources represented by nominate allele and allelic combinations are to be preserved, it is more important to minimise the gene flow between populations from different genetic main groups (fig. 4 ).
In particular, the gene flow from the expanding atlanticus populations should be addressed. Today Norwegian deer have just begun to enter Sweden, and a hybrid zone will be established unless this is in some way prevented.
The deer from the Hunneberg (C) nominate population have a very low level of genetic variability as compared to other nominate populations. This population was founded by three animals from the Red Deer Reserve (A) in an attempt to preserve the genetic characteristics of the nominate subspecies. When starting a population with such a small number of founders only 25 per cent of the alleles in the ancestral population are likely to be retained (Nei et a!., 1975) . The majority of the loss refers to alleles segregating at low frequencies, and the entire reduction is therefore not likely to be detected by means of standard electrophoretic techniques. The Hunneberg (C) population currently appears monomorphic at all but one of the loci polymorphic in the ancestral population. Further, it only exhibits 64 per cent of the electrophoretically measurable heterozygosity (table 2) . Theoretically we expect to retain 83 per cent of the heterozygosity when sampling three specimens from a large population. However, small population size in subsequent generations further reduces the genetic variability (Nei et a!., 1975) , and the actually observed reduction of heterozygosity by 36 per cent is equivalent to the inbreeding from two generations of full sib mating (F = 0.375). Such high inbreeding coefficients have been shown to be connected with the expression of deleterious genes in other species (Falconer, 1960; Kincaid, 1976) . The negative effects of inbreeding have long been recognised by plant and animal breeders but it is not until recently that the short term genetic effects of inbreeding in wild species have been fully acknowledged (Rails et a!., 1979) . Those studies give no support for the view that species with a social structure apparently conferring certain amounts of inbreeding, e.g., polygynous deers, should be less sensitive to close inbreeding than other species (Smith, 1979; Whitehead, 1978) . Those observations are in good agreement with our present results indicating that under natural conditions the genetically effective social structure of the red deer does not necessarily promote inbreeding to such an extent than may have been anticipated previously. It is clear that introductions into unpopulated areas should preferably be based on considerably larger numbers of effective parents than used for Hunneberg. Even if this population will survive in the short term, it will remain depauperate in allelic diversity. The long term evolutionary con-sequences will inevitably be a reduced potential for adaptive change (Soulé and Wilcox, 1980; Frankel and Soulé, 1981) . When the aim is to preserve the genetic characteristics of a uniqñe population the ambition should be to meet with the standards for size for founding and maintenance of populations (Frankel and Soulé, 1981) . A proper management of genetic resources calls for both an identification of the units to be conserved and an increased awareness of the genetic effects of human interventions (Senner, 1980; Ryman and Stahl, 1980; Ryman et a!., 1980b) .
